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Urinary tract infections are the most common urologic disease in the United States and one of the most
common bacterial infections of any organ system. Biofilms persist in the urinary tract and on catheter surfaces
because biofilm microorganisms are resistant to host defense mechanisms and antibiotic therapy. The first step
in the establishment of biofilm infections is bacterial adhesion; preventing bacterial adhesion represents a
promising method of controlling biofilms. Evidence suggests that capsular polysaccharides play a role in
adhesion and pathogenicity. This study focuses on the role of physiochemical and specific binding interactions
during adhesion of colanic acid exopolysaccharide mutant strains. Bacterial adhesion was evaluated for iso-
genic uropathogenic Escherichia coli strains that differed in colanic acid expression. The atomic force micro-
scope (AFM) was used to directly measure the reversible physiochemical and specific binding interactions
between bacterial strains and various substrates as bacteria initially approach the interface. AFM results
indicate that electrostatic interactions were not solely responsible for the repulsive forces between the colanic
acid mutant strains and hydrophilic substrates. Moreover, hydrophobic interactions were not found to play a
significant role in adhesion of the colanic acid mutant strains. Adhesion was also evaluated by parallel-plate
flow cell studies in comparison to AFM force measurements to demonstrate that prolonged incubation times
alter bacterial adhesion. Results from this study demonstrate that the capsular polysaccharide colanic acid
does not enhance bacterial adhesion but rather blocks the establishment of specific binding as well as time-
dependent interactions between uropathogenic E. coli and inert substrates.

Urinary tract infections (UTIs) are the most common uro-
logic disease in the United States and one of the most common
bacterial infections of any organ system (40). UTIs are espe-
cially common in cases of catheterization. The incidence of
infection in patients with indwelling catheters increases 5 to
10% per day (4, 41). Within 3 weeks of use, 100% of patients
with indwelling catheters will acquire UTIs due to the estab-
lishment of biofilms on the catheter material (4, 24). Scanning
electron microscopy has shown that most catheters removed
from patients after only 7 days are colonized by bacterial bio-
films (4). Biofilms persist in the urinary tract and on catheter
surfaces because the microorganisms contained within a bio-
film are well protected from urine flow and host defense mech-
anisms (19, 24). More importantly, bacteria within biofilms are
strongly resistant to antibiotic therapy (11–13, 17). In light of
the growing resistance of bacteria to antibiotics, one promising
approach to treat catheter infections is to prevent the forma-
tion of biofilms by blocking the first step—bacterial adhesion.

Development of infection-resistant materials and treatments
requires detailed knowledge of the factors and forces involved
in bacterial adhesion. Bacterial adhesion is governed by revers-
ible physiochemical forces that include electrostatic, van der
Waals, and hydrophobic interactions, followed by the estab-
lishment of irreversible interactions such as specific receptor-
ligand binding events (1, 8, 11, 17, 23). Previous studies have
shown that molecules expressed on the bacterial cell surface

influence the physiochemical interactions between bacteria
and substrates during reversible physiochemical adhesion (32).
Moreover, specific binding of bacteria to substrates is believed
to be mediated by polymeric molecules on the bacterial cell
surface, such as pili, fimbriae, lipopolysaccharides, or capsular
polysaccharides (1, 11, 23, 27). At the present time, the role of
these important cell surface molecules in reversible physio-
chemical and specific binding interactions is poorly under-
stood. The goal of this study is to quantitatively evaluate the
role of colanic acid in bacterial adhesion. Colanic acid is a
negatively charged polymer of glucose, galactose, fucose, and
glucuronic acid that forms a protective capsule surrounding the
bacterial cell surface. Previous studies have shown that colanic
acid synthesis is up-regulated in biofilms (14, 29), whereas it is
well known that colanic acid is not synthesized in planktonic
cells under normal laboratory growth conditions. Evidence
suggests that capsular polysaccharides play a role in pathoge-
nicity (9, 10, 15). The expression of colanic acid has also been
shown to be required for the creation of normal Escherichia
coli biofilm architecture (14). However, these studies also in-
dicate that colanic acid expression is not relevant to the initial
adhesion events (14). Our research focuses on the initial stages
of adhesion (�30 min) to various surfaces, using uropatho-
genic E. coli strains, whereas previous studies evaluated the
role of colanic acid in adhesion of E. coli K-12 strains to
polyvinyl chloride after extended incubation times (�10 h)
with the surface (14). This is the first report of the adherence
properties of a fully encapsulated strain compared with those
of a wild-type strain and a strain incapable of making a capsule.
Our research indicates that the initial interaction forces be-

* Corresponding author. Mailing address: Department of Chemical
Engineering, ASU, P.O. Box 876006, Tempe, AZ 85287-6006. Phone:
(480) 965-0874. Fax: (480) 965-0037. E-mail: razatos@asu.edu.

† Present address: Intel Corporation, Santa Clara, CA 95052.

4474



tween bacteria and the surface change with extended exposure
to the surface.

Bacterial adhesion was evaluated in this study for uropatho-
genic E. coli, which is the principle causative agent of both
acute and catheter-associated UTIs (7, 39, 40). The atomic
force microscope (AFM) was used to directly measure the
reversible physiochemical and specific binding interactions be-
tween bacteria and various substrates as bacteria initially ap-
proach the interface. Bacterial adhesion was also evaluated in
parallel-plate flow cell studies to investigate the influence of
colanic acid on bacterial adhesion during prolonged incubation
times in comparison to AFM force measurements, which are
instantaneous. Results from this study will ultimately be used
to direct the development of adhesion-resistant materials and
methods to reduce infection of urinary catheters.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial adhesion was evaluated
using isogenic derivatives of the uropathogen E. coli C97, listed in Table 1, that
differ in the production of colanic acid. E. coli C97 was collected from urine
specimens of females (ages 7 to 15) in Götenborg, Sweden (6). Derivatives of this
isolate were constructed by P1 transduction of mutations that are known to affect
colanic acid production (3, 37). The strains named CPS wild type and CPS� were
constructed by the same P1 transduction, selecting for transduction of the
ompC::Tn5 marker. Because the rcsC137 mutation has 50% linkage to the ompC
gene, we isolated cells that also cotransduced the rcsC137 mutation (CPS�) and
those that did not cotransduce the rcsC137 mutation (CPS wild type). The CPS�

strain was constructed by transducing the cpsE::Tn10 marker into the C97 parent
strain. These mutations affect the cps genes such that transcription of the cps
operon is either interrupted by a Tn10 transposon (Cps�) or increased approx-
imately 1,000-fold with the rcsC137 mutation (Cps�). In order to evaluate the
effect the disruption of ompC has on adhesion, an additional strain was created
that only harbors ompC::Tn5 (Cps WT).

Bacteria were grown in Luria-Bertani broth at 37°C with aeration. An over-
night culture was used, diluted 1/100 into 250 ml of fresh Luria-Bertani broth,
and grown to an optical density at 600 nm (OD600) of 0.4 to 0.6 at 37°C. These
exponential-phase cells were harvested, and the pellets were rinsed and resus-
pended in phosphate-buffered saline (PBS; pH 7.4) or Tris buffer (pH 7.4) to an
OD600 of 2.5.

Substrate preparation. The substrates chosen for this study were glass cover-
slips (Erie Scientific Company, Portsmouth, N.H.). The coverslips were cleaned
by soaking in 10% HNO3 for at least 24 h followed by rinsing with distilled
deionized water (ddH2O) and methanol and air drying. Clean coverslips were
made hydrophobic by treating with N-octadecyltrichlorosilane (OTS; Aldrich
Chemical Company, Milwaukee, Wis.). Clean glass coverslips were immersed in
1% OTS–toluene for 2 to 3 h. The OTS-treated glass was then removed from the
OTS solution and dipped into toluene to loosen unreacted OTS from the surface.
Following OTS treatment, the slides retain patches of a white film consisting of
polymerized OTS on the surface. OTS-treated coverslips were scoured with
Alconox detergent to physically remove excess OTS. The Alconox scouring was
performed by physically rubbing a small amount of Alconox on the surface of the
coverslip until the white film was completely removed. OTS-treated coverslips
were further cleaned by sonication in ddH2O to remove any unreacted OTS from
the surface. Sonication was carried out in multiple water baths until no OTS film

was observed at the air-water interface. The coverslips were then stored in
ddH2O.

Silicone was prepared by using the Sylgard 184 silicone elastomer kit (Dow
Corning, Midland, Mich.) with a 1/10 weight ratio of curing agent-elastomer.
Silicone-coated coverslips were made by spin coating the silicone solution onto
clean glass coverslips using a P6204-A spin coater (Specialty Coating Systems,
Inc., Indianapolis, Ind.) at 7,000 rpm for 10 s. The coverslips were left to cure
under ambient conditions for at least 24 h prior to use. A 100% silicone catheter
manufactured by C. R. Bard, Inc. (Covington, Ga.) was maintained at 19°C in a
Leica CM3050S cryostat (Bannockburn, Wis.). Interior sections of the silicone
catheter were sliced to a thickness of 80 mm by embedding small sections of the
catheter in Tissue-Tek tissue-embedding medium (Sakura Finetek USA, Inc.,
Torrance, Calif.). Catheter slices were rinsed three times with ddH2O to remove
any embedding medium prior to use. Slices were attached to glass coverslips for
AFM and flow cell studies using double-sided adhesive (Digital Instruments,
Santa Barbara, Calif.).

Zeta potential measurements. Zeta potentials were measured for bacteria in
PBS buffer using a Zeta-Meter 3.0 (Zeta-Meter, Inc., Staunton, Va.) at a setting
of 50 V/cm. Zeta potential measurements for each strain were repeated at least
three times.

Contact angle measurements. Hydrophobicity of bacteria and planar sub-
strates was evaluated by sessile drop contact angle measurements using a Ramé-
Hart model 100-00 goniometer (Ramé-Hart, Inc., Mountain Lakes, N.J.). For
the substrates, sessile drop contact angles were measured for probe liquids
resting on the planar substrates. For bacteria, sessile drop contact angles were
measured on bacterial lawns filtered onto membranes (5). Bacteria in Tris buffer
were filtered onto 0.2-�m-pore-size nitrocellulose membranes (Pal Gelman Lab-
oratory, Ann Arbor, Mich.) using a model 400-1901 vacuum pump (Barnant
Company, Barrington, Ill.) until there was no liquid remaining over the filter.
Contact angles for bacteria and substrates were measured using two polar liquids
and one apolar liquid. The polar liquids were ddH2O and 99.98% glycerol
(spectrophotometric grade; EM Science, Gibbstown, N.J.), whereas the apolar
liquid was 99.5% diiodomethane (Aldrich Chemical Co.). A drop of each of
these liquids was placed on the substrate or bacterial cell lawn to measure the
advancing contact angle (38). Contact angle measurements for the substrates and
bacterial lawns were repeated at least three times.

AFM force measurements. A NanoScope E MultiMode AFM (Digital Instru-
ments, Santa Barbara, Calif.) was used according to the protocol developed by
Razatos et al. (32) to measure forces of interaction between bacteria immobi-
lized on the tips of AFM cantilevers and planar substrates. In the protocol
developed by Razatos et al. (31, 32), additional glutaraldehyde was added to the
cells on the cantilever for 1 to 2 h in order to further fix the cells onto the
polyethyleneimine-coated tips. In this study, the aforementioned protocol was
modified by eliminating this final step of adding glutaraldehyde to the bacteria-
coated cantilevers. Instead, the bacteria on the tips were incubated at room
temperature for 15 min, rinsed with ddH2O, and stored overnight at 4°C. Elim-
inating this step did not affect the stability of the bacterial lawns coating the
cantilever tips. Extensive control studies have been carried out to insure that the
immobilization protocol does not alter bacterial cell surface properties (i.e.,
hydrophobicity and surface charge density) and does not affect bacterial adhe-
sion or AFM force measurements (30–32).

The AFM was operated by first engaging the cantilever close to, but not in
contact with, the substrate in order to prevent contamination between the sample
and the tip. The cantilever was carefully approached to the surface until contact.
Once in contact, force measurements were recorded for a scan size of 200 nm at
a rate of 1 Hz. Scanning electron microscopy (SEM) images were taken of the
cantilevers after each experiment in order to ensure that bacteria were still
present at the apex of the tips. Force curves for bacteria-coated cantilevers were
compared to control curves for bare silicon nitride tips as another indicator that
bacteria were on the tip during the AFM force measurement. To avoid sample
contamination, cantilevers and substrates were used only once. At least three
force measurements were obtained for each bacterial strain on each substrate.

Data analysis. Data were recorded by the NanoScope software version 4.43r5
(Digital Instruments) in terms of tip deflection (in nanometers) versus relative
distance of separation (in nanometers). The slope of the portion of the curve
where the cantilever moves with the surface (constant compliance region) was set
equal to the rate of the piezo displacement. The beginning of the constant
compliance region is the point of contact between bacteria and the surface (i.e.,
the zero point for the absolute distance of separation). Tip deflection (in nano-
meters) was converted to force (in nano-Newtons) by treating the cantilever as
a spring with a characteristic spring constant according to Hooke’s Law, F �
�k � �Y, where �Y is tip deflection and k is the spring constant of the cantilever.
The spring constant of the long thin cantilevers used in this study (k � 0.06 N/m)

TABLE 1. Uropathogenic E. coli strains

Strain Relevant
enotype

Colanic
acid ex-
pression

OmpC
expres-

sion

Source or
reference

C97 parent
strain

Wild type � 22

CPS� cpsE::Tn10 Minus � C97 � P1(SG20043)
CPS wild

type
ompC::Tn5 Wild type � C97 � P1(SG20803)

CPS� rcsC137 ompC::Tn5 Plus � C97 � P1(SG20803)
SG20043 cpsE::Tn10 �lon-100 Minus � 37
SG20803 rcsC137 ompC::Tn5 Plus � 3
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was provided by the manufacturer (Digital Instruments). Force (in nano-New-
tons) was then plotted versus the absolute distance of separation (in nanome-
ters). Only the approach curves from AFM force measurements were considered
in this study.

Parallel-plate flow cell studies. Bacterial adhesion was evaluated by standard
flow cell studies using a parallel-plate flow cell apparatus. The parallel-plate flow
cell (Bacterin, Bozeman, Mont.) consisted of a well (55 mm by 12 mm by 2 mm)
enclosed by the transparent substrate. Fluid flow through the cell was driven by
gravity. Bacteria harvested in exponential phase as described above were con-
centrated to an OD600 of 2.5 in PBS. Prior to injection into the flow cell, 0.5 ml
of this cell suspension was mixed with 1 �l of the LIVE/DEAD BacLight bac-
terial viability kit (Molecular Probes, Eugene, Oreg.) to fluorescently stain bac-
teria. A 0.5-ml aliquot of exponential-phase bacteria was then injected into the
flow cell and incubated for 30 min. PBS buffer was flushed through the system at
a flow rate of 7.5 ml/min for 15 min to rinse nonadherent cells. After rinsing,
random areas within the flow cell were analyzed for adherent bacteria. The
adherent bacteria within these randomly chosen quadrants were enumerated and
photographed on a Nikon Eclipse TE300 (Nikon, Inc., Melville, N.Y.) inverted
fluorescence microscope using a 100� objective. Black and white photographs of
adhered fluorescent bacteria were taken in three fields of view using a Quantix
35-mm camera (Roper Scientific, Tucson, Ariz.). Bacterial cell counts were
performed on three different locations within the flow cell chamber and aver-
aged. Each experiment was repeated at least three times.

RESULTS

The physiochemical cell surface properties of the uropatho-
genic E. coli strains were characterized by zeta potential and
contact angle measurements. Zeta potentials, which reflect cell
surface charge density, are presented in Table 1 for the CPS
wild-type, the CPS�, and the CPS� strains. Zeta potential
measurements confirmed that all three strains are negatively
charged. As expected, the CPS� strain, which continuously
produces anionic colanic acid, was more negatively charged
than the CPS wild-type and the CPS� strains. The CPS wild-
type and CPS� strains do not produce colanic acid under
normal laboratory growth conditions and, therefore, have sim-
ilar surface charge densities. Contact angles, which reflect bac-
terial cell surface hydrophobicity, were also measured for the
three bacterial strains. In brief, larger contact angles with polar
probe liquids indicate that the surface is more hydrophobic.
Conversely, larger contact angles with apolar probe liquids
indicate that the substrate is less hydrophobic. Contact angles
measured for the CPS wild-type, the CPS�, and the CPS�

strains confirmed that all three strains are hydrophilic (Table
2). As expected, there was no difference in contact angle mea-
surements between the CPS wild-type and CPS� strains. The
contact angle measured with diiodomethane for the CPS�

strain was smaller than that measured for the CPS wild-type
and CPS� strains. This result indicates that the CPS� strain
may be more hydrophobic than the other two strains. There-
fore, although the colanic acid capsule renders CPS� more
negatively charged, the capsule may interact less favorably with

water molecules. This hypothesis, however, is not supported by
contact angle measurements using water and glycerol.

Contact angles were also measured for the substrates under
investigation, which included glass, OTS-treated glass, and
spun-coated silicone (Table 3). Hydrophilic anionic glass and
hydrophobic OTS-treated glass were chosen in this study to
represent ideal, chemically defined substrates. Glass, with
small contact angles, was strongly hydrophilic. OTS-treated
glass and spun-coated silicone had large contact angles and
were strongly hydrophobic. Silicone was included in this study
because this hydrophobic material is commonly used to make
urinary catheters. Bacterial adhesion on silicone was evaluated
on spun-coated silicone substrates as well as thin slices of
commercially available silicone catheters. The catheter slices
were not uniform and, hence, difficult to work with. Neverthe-
less, results from AFM and parallel-plate flow cell studies were
compared for spun-coated silicone versus sliced silicone cath-
eter material to demonstrate that spun-coated silicone is an
excellent model for silicone catheters.

AFM force measurements. The AFM was used to directly
measure the physiochemical forces and specific binding inter-
actions involved in the initial approach of uropathogenic E.
coli bacteria to glass, OTS-treated glass, spun-coated silicone,
and sliced silicone catheter material. The AFM-based meth-
odology consisted of immobilizing bacteria directly onto the tip
of standard AFM cantilevers. These cantilevers were then used
to probe planar substrates in physiological solutions. The AFM
cantilever was examined by SEM after each experiment to
ensure that the tips were completely coated with bacteria.
Figure 1 is an SEM micrograph of E. coli C97 bacteria immo-
bilized on the tip of a standard AFM cantilever.

Clean glass was used in this study to represent an ideal
hydrophilic substrate. As seen in Fig. 2A, all three E. coli
strains (CPS wild type, CPS�, and CPS�) were repelled by
glass in PBS buffer. These interactions are repulsive because
the terminal force (force where the distance of separation is
zero) is positive. A negative terminal force would indicate an
attractive interaction. CPS wild type and CPS� had similar
repulsive interactions, whereas CPS� had a smaller repulsive
interaction with glass (Fig. 2A). AFM force measurements
with glass were repeated in higher electrolyte concentrations to
reduce any electrostatic interactions. Addition of an electro-
lyte, such as NaCl, increases the counter-ion (Na�) concentra-
tion and as a result decreases the double layer between two
approaching surfaces (18). This decrease in double-layer thick-
ness results in a decrease in electrostatic repulsion between
two approaching charged surfaces (18). Figure 2B demon-
strates that the addition of 100 mM NaCl to the PBS buffer
reduced the repulsive interaction measured between clean
glass and the CPS� strain. Therefore, the repulsive force ini-

TABLE 2. Contact angle and zeta potential measurements for
the E. coli C97 colanic acid mutant strainsa

Strain
Contact angle with: Zeta

potentialWater Glycerol Diiodomethane

Cps� 20.0 	 3.4 19.1 	 3.0 32.5 	 3.9 �36.1 	 5.3
Cps� 24.0 	 4.7 22.0 	 4.2 62.5 	 4.8 �27.6 	 5.2
Cps WT 20.0 	 3.6 18.6 	 2.2 55.0 	 4.1 �26.1 	 4.0

a Data are means 	 standard deviations.

TABLE 3. Contact angle measurements of the substratesa

Substrate
Contact angle with:

Glass OTS-treated glass Spun-coated silicone

Water 10.6 	 1.9 96.9 	 12.0 109.8 	 8.2
Glycerol 48.9 	 6.8 85.4 	 6.1 117.2 	 6.3
Diiodomethane 43.3 	 3.6 72.7 	 9.2 79.3 	 6.1

a Values are means 	 standard deviations.
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tially measured between CPS� and glass in PBS was due in
part to electrostatic interactions. However, the addition of
1,000 mM NaCl to PBS did not further reduce the repulsive
force measured between CPS� and glass in the 100 mM NaCl–
PBS solution (Fig. 2B). Therefore, the persistent repulsive
force (
0.5 nN) measured in both 100 mM NaCl–PBS and
1,000 mM NaCl–PBS was not due to electrostatic interactions.
Similar experiments were carried out for the CPS� strain. In
this case, addition of 100 mM NaCl and 1,000 mM NaCl to
PBS did not reduce the repulsive force between CPS� and
glass in PBS shown in Fig. 2B (data not shown). Therefore, the
repulsive interaction (
0.5 nN) between CPS� and glass was
not electrostatic in nature. It is important to note that the
forces measured by the AFM are not artifacts due to the
deformation of bacteria. Previous AFM studies have shown
that there is no apparent elastic deformation of bacterial cells
immobilized onto glass substrates under the force of the AFM
cantilever (30). Therefore, bacterial cells behave as rigid col-
loids during AFM force measurements as performed in this
study.

Bacterial adhesion was evaluated on OTS-treated glass rep-
resenting an ideal, chemically defined, hydrophobic substrate.
The CPS wild-type and CPS� strains were repelled by OTS-
treated glass (Fig. 3). The small difference in force curves be-
tween the two strains was not statistically significant. The CPS�

strain, on the other hand, was neither repelled nor attracted to
OTS-treated glass (Fig. 3). Bacterial adhesion was also evalu-
ated for spun-coated silicone and slices of silicone material.
Spun-coated silicone and OTS-treated glass had similar con-
tact angle measurements and, hence, were equally hydropho-
bic (Table 3). The AFM measured repulsive interactions be-
tween the spun-coated silicone and both the CPS wild-type and
the CPS� strains (Fig. 4). Conversely, CPS� was strongly at-
tracted to silicone (Fig. 4). AFM measurements for the spun-
coated silicone were compared to those for real silicone cath-
eter material. AFM force measurements were identical for all

strains on spun-coated and sliced silicone materials (data not
shown).

Parallel-plate flow cell studies. Bacterial adhesion was also
evaluated in a parallel-plate flow cell apparatus, which allowed
for in situ observation and image analysis of bacteria adhering
to planar substrates in solution. A parallel-plate flow cell ap-
paratus was chosen for this study to model the flow of urine in
a catheter. Flow cell studies were included to investigate the
influence of colanic acid on bacterial adhesion during pro-
longed periods of incubation in comparison to AFM force
measurements, which are instantaneous. The AFM directly
measures the interaction forces as bacteria initially approach a
substrate in less than 1 s. Conversely, a parallel-plate flow cell
apparatus facilitates enumeration of bacteria adhering to a
substrate for longer incubation times; in this case, bacteria
were allowed to adhere for up to 30 min. The number of
bacteria adhering to a substrate is an indirect measurement of
the total force holding bacteria to a surface in the presence of
shear flow. At this flow rate the hydrodynamic drag force
acting on the bacteria, modeled as a sphere on a flat surface, is
2.5 � 10�13 N due to simple shear flow. In a flow cell device,
bacteria adhere to substrates by both reversible physiochemical
interactions (similar to those seen in the AFM measurements)
and secondary, irreversible binding events.

The extent of adhesion was evaluated from photographs of
bacteria adhering to the substrate-liquid interface in PBS
buffer (Fig. 5). Results from flow cell studies are summarized
in Table 4 for all strains and all substrates. The CPS wild-type
and CPS� strains that do not produce colanic acid adhered
approximately 10-fold more efficiently to all substrates (Table
4). Relatively few CPS� cells adhered to any of the substrates
in the flow cell (Table 4). No differences in bacterial cell counts
were observed between silicone slices and spun-coated silicone
for the three strains (Table 4).

DISCUSSION

E. coli bacteria secrete the exopolysaccharide colanic acid,
which forms a slimy capsule surrounding the cell surface, under
stressful conditions such as osmotic shock, low temperatures,
and desiccation, indicating that the colanic acid capsule may
function to protect bacteria in hostile environments (16, 20,
33-36, 42). Results from previous studies suggest that colanic
acid inhibits bacterial adhesion (9, 14, 31). However, little is
known about the physiochemical and/or specific binding inter-
actions involved in the adhesion or repulsion of bacteria at a
surface. AFM force measurements and flow cell experiments
were carried out in this study to determine the role of physio-
chemical interactions (specifically, electrostatic and hydropho-
bic) and specific binding interactions during the initial adhe-
sion of encapsulated and nonencapsulated cells in order to
understand the events leading to urinary catheter infections.

Bacterial adhesion was evaluated for a series of isogenic
uropathogenic E. coli strains that differ in the production of
colanic acid (Table 1). One strain was constructed to constitu-
tively express colanic acid capsule (CPS�), and one was de-
signed to never express capsule (CPS�). The CPS� strain has
a mutation in the regulatory gene, rcsC, and has a knockout
mutation in the ompC gene. Because of this additional muta-
tion, an isogenic strain was constructed for use as the control

FIG. 1. SEM micrograph of an AFM cantilever tip coated with
E. coli C97 bacteria.

VOL. 69, 2003 COLANIC ACID IN ROLE OF E. COLI ADHESION 4477



for the CPS� strain that has just the ompC mutation. This
strain is designated the CPS wild type because it is wild type in
colanic acid synthesis. The CPS� strain has a knockout muta-
tion in the cpsE gene, which is essential for colanic acid bio-
synthesis. The control for the CPS� mutant was the C97 parent
strain, which is wild type in colanic acid synthesis. Both the
wild-type and the parent strains are capable of synthesizing
colanic acid, although they do not produce it under normal
laboratory growth conditions. In all of the experiments, the
wild-type and the parent strains behaved identically, indicating
that ompC does not affect adhesion. Therefore, data using the
parent strain are not included. The CPS� strain synthesizes

500 to 1,000 times more colanic acid than the other three
strains when they are grown under the conditions described in
Materials and Methods. We cannot detect significant differ-
ences in the amount of colanic acid expression among the
CPS�, wild-type, and parental strains.

Bacterial adhesion was evaluated for the colanic acid mutant
strains on anionic, hydrophilic glass to determine the role of
electrostatic interactions. The AFM measured repulsive inter-
actions between glass and both CPS wild-type and CPS�

strains (Fig. 2A). However, electrostatic interactions were only
partially responsible for these repulsive interactions as dem-
onstrated by AFM measurements performed in higher electro-

FIG. 2. AFM force-versus-distance curves of E. coli C97 bacteria interacting with hydrophilic glass. (A) CPS� (�), CPS wild-type (F), and CPS� (‚)
strains in PBS buffer. (B) The CPS� strain interacting with glass in PBS (‚), PBS plus 100 mM NaCl (■ ), and PBS plus 1,000 mM NaCl (�).
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lyte concentrations (Fig. 2B). AFM force measurements be-
tween glass and the CPS� strain were identical in PBS, PBS
plus 100 mM NaCl, and PBS plus 1,000 mM NaCl (data not
shown). Therefore, electrostatic interactions were not respon-
sible for the repulsion between glass and CPS�, even though
the CPS� strain is more negatively charged than CPS wild type
and CPS�. Therefore, the AFM force measurements did not
correlate with the surface charge densities of the three colanic
acid mutant strains. A repulsive force (
0.5 nN) persisted
between all three strains and glass even in the presence of high
electrolyte concentrations. This force was not electrostatic and

was therefore due to some other short-range physiochemical
interaction, such as hydration pressure. Hydration pressure is
due to short-range structural forces that usually appear at a
separation distance of 4 nm (2, 25, 26); however, they have
been observed at separations of 10 nm or more (21). While the
origin and nature of hydration pressure is not completely un-
derstood, it appears to arise whenever water molecules bind to
strongly hydrophilic materials (18), such as glass and bacterial
cells. In addition to hydration pressure, cell surface structures
may be responsible for the observed repulsive forces between
the three strains and glass. Electron micrographs of the strains

FIG. 3. AFM force-versus-distance curves of E. coli C97 bacteria interacting with hydrophobic OTS-treated glass. The CPS� (�), CPS wild-type
(F), and CPS� (‚) strains were evaluated in PBS buffer.

FIG. 4. AFM force-versus-distance curves of E. coli C97 bacteria interacting with hydrophobic silicone in PBS buffer. Interactions with
spun-coated silicone were evaluated in CPS� (�), CPS wild-type (F), and CPS� (‚) strains.
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revealed the presence of pilus-like structures on all three
strains (data not shown). The identity of these structures re-
mains to be determined.

OTS-treated glass was evaluated in this study to determine
the contribution of hydrophobic interactions to adhesion. CPS
wild type and CPS� were both repelled by OTS-treated glass.
CPS�, which produced colanic acid and was more negatively
charged, experienced neither a repulsive nor an attractive in-
teraction with OTS. The 0.5-nN force measured between
CPS� and clean glass was not detected between CPS� and
OTS-treated glass. Based on contact angle measurements, a
strong attractive interaction was expected between CPS� and
hydrophobic OTS-treated glass. This discrepancy suggests that
hydrophobic interactions did not play a significant role in the
adhesion of the C97 colanic acid mutant strains.

If hydrophobic interactions were significant, then the CPS�

strain should have been strongly attracted to silicone, which
was also strongly hydrophobic. However, silicone repelled
CPS� and CPS wild type. Conversely, the AFM measured a
strong attractive force between CPS� and silicone. Because
hydrophobic interactions do not appear to play a significant
role in adhesion of the C97 strains, this strong attraction be-
tween CPS� and silicone was most likely due to some specific
binding interaction. Specific binding is defined as a receptor-
ligand-type interaction between molecules on the cell surface
of CPS� bacteria and silicone. The molecule or molecules
responsible for this strong adhesive interaction between CPS�

and silicone remain to be resolved. OmpC was not found to be
responsible for this specific binding, because both the CPS
wild-type and the CPS parent strains were repelled by sili-
cone—the repulsive curves were identical (data not shown).
Two of the best candidates for these molecules are curli and
pili, since they have been shown to affect adhesion in other
model systems (27, 28).

Bacterial adhesion was evaluated for both spun-coated sili-
cone and slices of actual silicone catheter material. Due to the
soft nature of the catheter material, the microtome slices were
rippled, which complicated AFM force measurements. More-
over, the rippled surface of the sliced silicone catheter material
made it difficult to focus the inverted fluorescence microscope
on the silicone-liquid interface during flow cell experiments.
Spun-coated silicone was easy to work with because it was
smooth, thin, and uniform. Both AFM and flow cell results in
this study demonstrated that spun-coated silicone acts as an

excellent model for silicone catheters and can be used with
confidence in future studies on silicone catheter infections.

Results from AFM and flow cell studies were compared to
determine if incubation time played a role in bacterial adhe-
sion. In all cases, bacteria did not adhere to any of the sub-
strates for incubation times less than 5 min. This observation is
consistent with repulsive AFM force measurements, such as
CPS wild type, CPS�, and CPS� interacting with glass. The
lack of adhesion for times less than 5 min, however, was not
consistent with the strong attractive force measured by the
AFM between CPS� and silicone. Bacteria were observed to
begin adhering to substrates when incubation times were
greater than 15 min. The data presented in Table 4 and Fig. 5
represent adhesion observed after 30 min of incubation. For
example, significant adhesion of CPS wild type and CPS� was
observed on glass and OTS-treated glass in flow cell studies
after 30 min of incubation. Conversely, these two strains were
repelled by glass and OTS-treated glass during AFM force
measurements. The AFM directly measures the interactions as
bacteria initially approach a substrate, whereas flow cell exper-
iments reflect the establishment of time-dependent interac-
tions. Therefore, although OTS initially repelled bacteria, pro-
longed incubation resulted in surface colonization by the CPS
wild-type and CPS� strains. One possible explanation is that
the repulsive forces initially measured by the AFM “relaxed”
as a function of time, thus facilitating adhesion of CPS wild
type and CPS�. Another possible cause for the 15-min delay in
adhesion time is that bacterial cell physiology was altered dur-
ing the prolonged exposure of bacteria to the surface in the
fluid cell.

According to AFM and flow cell studies, the CPS� strain
that produced colanic acid did not adhere to any of the sub-
strates evaluated in this study. Therefore, colanic acid appears

FIG. 5. Photographs of E. coli bacteria adhering to hydrophobic OTS-treated glass in PBS buffer in the parallel-plate flow cell apparatus.

TABLE 4. Adhesion results from flow cell studies in
terms of bacterial cell countsa

Substrate Cps� Cps� Cps WT

Hydrophilic glass 10–30 230–280 260–300
Hydrophobic OTS glass 0–10 200–277 230–290
Spun-coated silicone 10–20 230–270 320–340
Silicone catheter 2–4 100–140 70–90

a Data are presented as the range of bacterial cell counts for at least three
random microscopic fields (0.176 mm2).

4480 HANNA ET AL. APPL. ENVIRON. MICROBIOL.



to interfere or block the time-dependent adhesion of bacteria
to both hydrophilic and hydrophobic surfaces, as well as the
specific binding to silicone catheter materials. Results from this
study indicate that the capsular polysaccharide colanic acid
does not enhance bacterial adhesion but rather blocks the
establishment of specific binding as well as time-dependent
interactions between bacteria and inert substrates. This sug-
gests that E. coli devoid of colanic acid initially adheres to
catheters and then expresses colanic acid during the develop-
ment of mature biofilms.
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